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Transformation dynamics of magnetic and electric parameters in thin films of sodium-
doped lanthanum manganite has been studied. The peculiar feature of the films is wide
temperature range of the coexistence of ferromagnetic and paramagnetic phases. It has been
found that the anomalies on temperature dependences of magnetization, electric resistance and
magnetoresistance are shifted relative to each other contrary to the case of doped manganite
single crystals, in which such anomalies are observed at almost the same temperature. Based
on the magnetic measurements data and theoretical calculations, the dependence of ferromag-
netic phase volume fraction V,, on the temperature has been calculated. V,, values have
been calculated whereby maximums on temperature dependences of electric resistance and
magnetoresistance have been observed. Conclusions have been formulated concerning the
shape of ferromagnetic nuclei in the films under consideration.

HccnepoBana nuHamMuka tpaHchOpMalUy MATHUTHBIX M DJIEKTPUYECKUX IIapaMeTpPoB B TOH-
KUX IUIEHKaxX 3aMelIeHHbIX HATPHEM MAaHraHUTOB JAHTaHA, XaPAKTEPHOU OCOOEHHOCTBHIO KOTO-
PBIX fABJSETCA IIMPOKASA TeMIepaTypHas o0JIaCTh COCYIECTBOBaHUA (DeppOMarHUTHON M Iapa-
marHutTHoU ¢as. OGHapyKeHo, UTO AHOMAJHM HA TEMIEPATYPHBIX 3aBUCHMOCTAX HAMATIHUYEH-
HOCTU, 9JeKTPUYECKOTO COIPOTUBJICHUA U MArHUTOCOIPOTHBIIEHUS CIBUHYTHI OJHA IIO
OTHOILIEHUIO K APYro#, B OTJIUYME OT MOHOKPUCTAJIJINYECKUX OOpPa3IOB 3aMEIeHHbIX MaHI'aHU-
TOB, B KOTOPBIX TAKME aHOMAJNN HAOIIOLAIOTCA HPAKTHUYECKU IIPU OJHON M TOH JKe TeMIIepaTy-
pe. Ucxonsas us3 HAaHHBIX MAarHUTHBIX M3MEPEHUH U PESyJbTATOB TEOPETHUYECKUX DPACUeTOB, pac-
CUMTAHA 3aBUCUMOCTb O0BeMHOU monn eppoMarmuTHOU (hasel Vi, oT remmepaTypsl. HalineHsr
KOHKDETHBIE 3HAYCHUS Vi) , IPU KOTOPLIX HAOMIOJAIOTCA MAKCUMYMEI HA TEMIICPATYDHBIX 3aBHU-
CHMOCTAX 9JEKTPUUYECKOTO COIPOTHBJICHUA U MAarHUTOCONPOTHBJIeHUA. CresaHbl BBIBOALI OTHO-
cuTeJbHO (OPMBI 3apOAbIIIel (PepPOMArHUTHON (Das3bl B HMCCIAEIYyEMBIX ILIEHKAX.
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1. Introduction

La,_,A,MnO; doped manganites (where A
is an alkaline or alkaline-earth element) are
the objects of researchers’ attention due to
the rich variety of unusual physical proper-
ties [1-4]. Metal-semiconductor transition is
especially interesting that is usually ob-
served near the transition temperature into
ferromagnetic (FM) state and causes colos-
sal magnetoresistance effect. The huge mag-
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netoresistance effect is a very strong (sev-
eral orders) reduction of electric resistance
in manganite materials exposed to an exter-
nal magnetic field [1, 2]. Mainly due to this
effect the thin films of doped manganites
are considered as promising materials for a
new generation of sensors and magnetic in-
formation readout devices [3, 4]. Though
the doped manganites are being vigorously
studied, the nature of unusual behavior is
not yet quite clear [4, 5].
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The researches show that in doped man-
ganites the conductivity character is closely
related to the magnetic state of these com-
pounds [3, 4]. This results from the fact
that d-electrons of manganese ions take part
in the processes of both charge transfer and
magnetic ordering. The presence of manga-
nese ions in various oxidation states (Mn3*
and Mn#*) makes charge transfer between
these ions possible (by means of the so-
called double exchange) only when the mag-
netic moments of the neighboring ions are
parallel to each other, that results in a si-
multaneous occurrence of ferromagnetism
and metallic conductivity [1, 2, 4]. At the
same time, a series of other effects (elec-
tron-phonon interaction, antiferromagnetic
indirect exchange, charge and orbital order-
ing) prevent from FM ordering and favor
localization of charge carriers. If the double
exchange prevails over the other interac-
tions, the paramagnetic — ferromagnetic
transition and semiconductor — metal one
occur practically simultaneously [3, 4, 6].
This leads to the formation of electric resis-
tance peak near the magnetic transition
temperature T and it is the reason for the
strong influence of magnetic field on the
conductivity.

In single crystalline samples the tem-
perature of the electric resistance peak (T'g)
and T practically coincide [3, 6]. In poly-
crystalline, defective, amorphous and par-
tially crystallized samples such situation is
not observed and the temperature difference
between Tp and magnetic transition tem-
perature may reach several dozen degrees
[7—9]. There are several reasons for such
divergence. On the one hand, this is due to
the ambiguity of the notion "magnetic tran-
sition temperature” in inhomogeneous sys-
tems and the difficulty in experimental de-
termination of this physical value. So, in
some cases the magnetic transition tempera-
ture is understood as the temperature of the
nucleation of FM phase, in other — the
temperature at which the magnetization
change reaches its maximum. On the other
hand, the process of the resistance peak for-
mation reflects several different processes,
and not all of them are related directly to
the magnetic state of doped manganites. It
is known that an appearance of the peak on
the temperature dependence of resistance
reflects the fact that the fraction of the
highly conductive phase (in this case FM)
reaches a certain value (the so-called perco-
lation threshold V,), at which an infinite
conductive cluster is formed in the system [10].
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As it is known from the percolation theory,
this value depends not only on the volume
fraction of the highly conductive phase, but
also on the shape of the conductive regions
appearing in a low conductive (in our case
paramagnetic (PM)) matrix [10]. It should be
noted that the data on behavior of electric
resistance and magnetization in transition re-
gion for doped manganites with broadened
magnetic transition are inconsistent and need
refinement [9, 11].

Amorphous and partially ecrystallized
films are convenient objects for studying
the processes in the transition region due to
relatively wide temperature range of the
latter. A width of the transition region can
be easily tuned by means of the selection of
the film preparation modes [7-12].

In this research sodium-doped lanthanum
manganites were chosen as the objects of
investigation. The choice is justified by the
fact that, on the one hand, sodium introduec-
tion into La sublattice may prove useful for
enhancement of magnetoresistance proper-
ties, particularly, near the room tempera-
ture [183-15]. So, in [13] it has been shown
that in bulk La,_ ,A,MnO; samples with in-
crease of sodium content the Curie tempera-
ture T grows and reachs the values exceed-
ing the room temperature. At x > 0.14 T
is practically independent of sodium con-
tent. In this concentration region the mag-
netoresistance is high and may reach 20 %
in the fields H = 15 kOe at the tempera-
tures over 300 K (for similar strontium-
doped lanthanum manganites the values of
7-13 % are typical [3, 16, 17]). On the
other hand, in the process of preparation
and subsequent thermal treatment of sam-
ples sodium evaporates due to its high vola-
tility, thereby structural vacancies create
that additionally broaden the transition re-
gion [13, 18].

The purpose of the research is to reveal
dependence between the dynamics of mag-
netic and electrical parameter changes in
thin films of sodium-doped lanthanum man-
ganites, the peculiarity of which is a wide
temperature transitional region from PM to
FM state. Since the interest in doped man-
ganites grows, a detailed study of the phe-
nomena in the region of magnetic and resis-
tive transitions is topical. It is necessary to
make a generalized picture of the physics of
doped manganites without which their prac-
tical implementation is impossible. To
achieve the purpose electric, magnetic and
magnetoresistive measurements were sup-
plemented by resonance ones, which provide
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additional information on the magnetic
state and magnetic phase composition of the
samples with complex magnetic configura-
tions [5, 7, 19].

2. Experimental details

The films of 250 nm thick (hereinafter
— LNMO films) were fabricated by means of
sputtering of a ceramic target with a nomi-
nal composition LaggsNag 1gMnO3; on poly-
crystalline Al,O5 substrates [5, 6]. The tar-
get for the film preparation was synthesized
by standard solid phase reaction [13, 15,
20]. In this research the studied films were
obtained at the substrate temperature T, =
300°C in argon (30 %) and oxygen (70 %)
mixture. Gas medium pressure at the sput-
tering was 2:1072 Torr. After being pre-
pared, the films were annealed for 4 h. at
T ynn = 750°C.

The electric resistance of the films was
measured as a funetion of temperature and
magnetic field. The measurements were car-
ried out at direct current by four-probe
method using data collection computerized
system. The temperature dependences of the
electric resistance were obtained during a
slow heating of the samples from 120 to
370 K after their preliminary cooling down
to the temperature of liquid nitrogen. Mag-
netoresistance was measured in the fields of
up to 15 kOe and defined as MR = (Ry—
Rg)/Ry, where Ry — electric resistance in
zero magnetic field, and Ry — in the exter-
nal field H. The magnetic field was applied
in parallel to the film plane and the electric
current flow.

The static magnetization was measured
in vacuum by Faraday balance [21]. The ex-
periment maximum error did not exceed
2 %. The temperature dependences of the
magnetic susceptibility were measured in the
range of 120—320 K in the field H = 3 kOe,
which is knowingly higher than magnetiza-
tion saturation field (H,,; =1.5 kOe at
77 K).

In order to obtain resonance spectra we
used RADIOPAN-SE/X-25483 electronic
paramagnetic resonance spectrometer with
operating frequency v = 9.2 GHz.

3. Results and discussion

Dependence of magnetization M on tem-
perature T obtained in the field H = 8 kOe
for LNMO films is shown in Fig. 1(a). Mag-
netization increase with temperature de-
crease becomes noticeable at the tempera-
ture values below 290 K. As can be seen
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Fig. 1. Temperature dependences of magneti-
zation in the field H = 3 kOe (a), electric re-
sistance (b) and magnetoresistance in 15 kOe
field (¢) for LNMO film. The inset shows
dM/dT dependence as a function of tempera-
ture. The figure also shows characteristic
temperatures: Ty — the temperature of FM
phase nucleation, determined from magnetic
resonance study; T,, — the temperature of
the magnetization maximum change; Tp —
the temperature at which electric resistance
reaches the maximum; T, — the tempera-
ture at which magnetoresistance reaches the
maximum.

from the temperature dependences of
dM/dT (see inset in Fig. 1), the most dra-
matic magnetization increase (|dM/dT|=
max) is observed at T, = 227 K. In the low
temperature region the magnetization in-
crease considerably decelerates.

Fig. 1(b) shows the temperature depend-
ence of electric resistance R;. An appear-
ance of wide maximum on Ry(T) curve is
caused by formation of highly conductive
FM phase [22, 23]. The maximum electric

resistance value is reached at Tp = 166 K.
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Fig. 1(c) shows the temperature depend-
ence of magnetoresistance MR measured in
the field H = 15 kOe. The field value was
chosen high enough to exceed H,,. In the
high temperature region an influence of
magnetic field on electric resistance is neg-
ligibly small (MR = 0), that is characteristic
for PM phase of doped manganites. With
the temperature decrease MR increases and
reaches the maximum and then slowly de-
creases with further temperature decrease.
The temperature value, at which MR
reaches the maximum, Tpp, is equal to
190 K. The Ty value exceeds Tp. It is
however lower than T,;, which is often ob-
served in doped manganites with increased
inhomogeneity [23, 24].

The results of investigating magnetic
resonance in LNMO films were given in [25].
It was demonstrated that the resonance sig-
nal from FM phase appears at 280 K (T in
Fig. 1(a)). Above this temperature the sam-
ple is completely paramagnetic, below it the
paramagnetic phase coexists with the ferro-
magnetic in quite a wide temperature range
(the presence of PM phase down to 110 K
has been confirmed experimentally).

As demonstrated in Fig. 1, the tempera-
ture Ty is considerably lower than T, (the
difference is over 60 K), and Ty, value is
between Tp and Tj,. It has been noted above
that such relation between the charac-
teristic temperatures can be expected in the
systems in which high conductivity FM
phase coexists with low conductivity PM
phase over a wide temperature range. Simi-
lar effects are often observed in doped man-
ganites [26—28], however, as far as we
know, there have been no quantitative
evaluation of Vp,, values at which electric
resistance or magnetoresistance reach the
maximum.

For the films under consideration we
have calculated the temperature dependence
of the FM phase volume fraction and found
the values Vg,;, which correspond to the
characteristic temperatures Tp, T,p and
Tpr- Assuming that the magnetization of
FM phase significantly exceeds that of PM
phase. FM phase volume fraction may be
calculated by finding the ratio of the ex-
perimentally obtained magnetization to the
theoretically calculated one.

In the mean field approximation the tem-
perature dependence of the reduced mag-
netization of FM phase (M,,,./Mg) is de-
scribed by Brillouin’s formula [29]:
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2J +1 2J+1 1 1 (1)
Bj =97 cotl{ o7 X} - ﬁcoti{ﬁX}
where X = (8J/J+1) (Tc/T) (M/M,), T¢c —
Curie temperature, J — total angular mo-
mentum and M, — saturation magnetiza-
tion at T = 0. It was shown in [30, 31] that
for doped manganite compounds Brillouin’s
formula describes the magnetization behav-
ior with a good accuracy.

For doped lanthanum manganites the or-
bital contribution to the total angular mo-
mentum is negligible and J is determined by
spin quantum number of Mn ions [30]. Mn
ions in these compounds have the oxidation
level of 8+ and 4+ with spin quantum num-
bers S = 2 and S = 8/2, correspondingly [3,
4]. If Mn#* ion fraction is x, then Mn3* ion
fraction is (1 — x), thus, J may be calcu-
lated as the weighted total of corresponding
quantum numbers:

J=x8/2+ (1 -x)-2[30]

For LaggyNag1gMnO; compound fabri-
cated under the conditions similar to ones
used for the samples in this research, the
average oxidation state of Mn ions was de-
termined experimentally [18]. The total an-
gular momentum calculated according to
these data is J = 1.64. In this case the satu-
ration magnetization at T =0 K is 526 G.

The temperature dependence of magneti-
zation calculated by formula (1) is shown in
the inset in Fig. 2. Curie temperature was
determined based on magnetic resonance
data. So, the measurements clearly show a
resonance signal from FM phase at 280 K,
though at 290 K the sample is completely
paramagnetic [25]. Based on these data we
have set for calculation that T, is 285 K.

Fig. 2 gives the plot of the temperature
dependence of FM phase volume fraction in
LNMO films. It is clearly seen that the
abrupt increase of Vp,, occurs within
~270 K to ~200 K temperature range. The
analysis of dependences M(T), M}, T) and
Veu(T) shows that the abrupt increase of M
near T,, is a result of the increase in both
FM phase volume fraction and its magneti-
zation. It follows from the analysis that the
MR and R approach their maximal values in
the region where the FM phase fraction ex-
ceeds 50 % . So, the electric resistance peak
is observed at Vgp, = 67 %, while the mag-
netoresistance peak is observed at Vpy =
63 %. A noticeable magnetoresistance oc-
curs only when the volume fraction of FM
phase exceeds 15 %.
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Fig. 2. Temperature dependence of FM phase
volume fraction in LNMO film. The inset —
temperature dependence of magnetization cal-
culated according to formula (1).

It has been mentioned above that the
temperature of electric resistance peak cor-
responds to the moment when the conduc-
tive FM phase volume exceeds the percola-
tion threshold V. For the case where con-
ductive regions are spherical calculations of
Vo give values which are close to 30 % (this
value depends also on the geometry of con-
ductive sphere arrangement) [10]. For the
studied LNMO films this value is 67 %. In
our opinion, such fact demonstrates that
the shape of the conductive FM regions dif-
fers from the spherical one. Additional
proofs of this opinion are as follows. First,
the magnetic resonance studies reveal a
complex character of FM nuclei transforma-
tion in the paramagnetic-ferromagnetic
transitional region [25]. Second, it is known
that in polycrystalline films fabricated by
magnetron sputtering crystallites are elon-
gated in the direction perpendicular to the
film plane [32]. Obviously, the effect of the
shape anisotropy (magnetocrystalline anisot-
ropy in the magnetic transition region usu-
ally is quite small) will provide an elonga-
tion of the FM nuclei shape in the same
direction. Based on the calculation per-
formed in the framework of percolation the-
ory [10] the threshold of percolation may
exceed 30 % that is actually observed in
this research.

4. Conclusions

Magnetic, electric and magnetoresistance
properties of LNMO films have been studied.
It has been demonstrated that the tempera-
tures of electric resistance and magnetore-
sistance maxima significantly differ from
each other and from the temperatures at
which the anomalies of magnetic properties
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are observed. Based on the results of mag-
netic measurements and theoretical calcula-
tions the dependence of the FM phase vol-
ume fraction Vg, on the temperature has
been calculated. The values Vp,, at which
maximums on dependences Ry(T) and MR(T)
are observed, have been determined. Conclu-
sions have been made as for the FM phase
nuclei shape in the films under consideration.

The research has been supported by the
State fund for fundamental research of
Ukraine, project No.F41.1/020, (joint pro-
ject with Belorussian SFFR, project
No.F11K-054).
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NAuHamika TpaHcdopMallii MArHITHHX Ta €JeKTPUUYHUX
nmapaMeTpiB y TOHKMX ILTiBKaX 3aMillleHMX HaTpieM
MAaHTaHITIiB JaHTaHY

JI.I.Ilanvkie, B.M.Ilmoyw, 1.C.Ilanvkis,
O.I.Mamseienrxo, O.1.Toecmorumxkin

Hocaimxeno puHamMiky TpaHchopmalii MarHiTHuUX i eJeKTPUUYHUX [IapaMeTpPiB y TOHKUX
ILUIIBKAX 3aMill[eHNX HATPieM MaHra”iTiB JaHTaHY, XapaKTEPHOI OCOOJIMBICTIO SKUX € IINPO-
Ka TeMIlepaTypHa o0JacTh ciiBicHyBaHHs (epomarmiTHOl i mapamarmitHoi ¢das. Busasieno,
10 aHoMaJil Ha TeMIePATYPHUX S3aJeXKHOCTAX HaMarHiueHocTi, eJeKTPUUYHOI'O OIOpy Ta
MartiToomopy 3CyHYTi OAWMH BiJHOCHO OJHOrO Ha BiAMiHY BiJ MOHOKPHCTAJIUHHNX 3pPasKie
saMiIleHMX MaHraHIiTiB, B AKMX Taki anomaJuii cmocrepiraioTbcd IIPAaKTUUYHO HOPH OXHiNl i Tiik
Ke Temieparypi. Basyiouncs Ha mJaHMX MArHiTHHX BHMIipPIOBaHBb i pes3yJbTaTax TEOPETUUYHUX
PospaxyHKiB, ofumcaeHo 3anexHicTs 06’eMmHOl yacTKu depomaraiTaoi dasu Vi, Bim Temme-
parypu. 3HalIeHO KOHKDPETHI 3HAYCHHA Vp,,, OPU AKHX CIOCTEPIraloTbCA MAKCHMyMH Ha
TeMIIEPATYPHUX 3AJIEIKHOCTAX €JEKTPUUYHOI'O OIOPY Ta MAarHiToomopy. 3po0JieHO BHUCHOBKU
arogo GopmMu 3aponKie depomarHitHol gasu y ILIiBKax, IO AOCIIIKYIOTHCH.
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